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Animal studies have demonstrated that unilateral hearing loss can induce changes in neural 
response amplitude of the mature central auditory system (CAS). However, there is limited 
physiological evidence of these neural gain changes in the auditory cortex of human adults. 
The present study investigated the impact of chronic, unilateral conductive hearing 
impairment on cortical auditory evoked potentials (CAEPs) recorded from 15 adults (21-65 
years old) in response to a 1 kHz tone (80 ms duration) presented to the impaired ear via a 
bone conduction transducer. The amplitude and latency of the main CAEP components were 
compared to those obtained from normal hearing age-matched control participants. Both P1-
N1 and N1-P2 amplitudes were significantly larger in the hearing impaired relative to the 
control participants. Differences between groups in the mean latencies of P1, N1, and P2 were 
not statistically significant. These results are the first to provide direct evidence of increased 
neural response amplitude in the adult human auditory cortex in the presence of unilateral 
conductive hearing loss. Importantly, the study shows that central gain changes are a direct 
result of deprivation of sound rather than cochlear or neural pathology. 
 
Keywords: auditory deprivation, plasticity, cortical auditory evoked potential, adult 
 
Abbreviations: (CAS) central auditory system, (ART) auditory reflex threshold, (ABR) 
auditory brainstem response, (CAEP) cortical auditory evoked potential 
  
1. Introduction 
To understand the functional consequences of hearing loss, we not only need to 
understand its effects on processing at the level of the cochlea and auditory nerve, but also 
how it affects the central auditory system (CAS). Since hearing loss reduces the overall 
sound-evoked activity of the auditory nerve and thus the input signal to the brain, one would 
expect to find a subsequent reduction in neural activity within the CAS. However, increases 
in spontaneous and stimulus-evoked neural firing have been observed in the auditory system 
of adult animals following a cochlear lesion (for review see Roberts et al., 2010; Schaette et 
al., 2014; Brotherton et al., 2015). It is thought that these changes in neural activity may be 
due to homeostatic plasticity, a mechanism thought to regulate neural excitability and 
synaptic efficiency in order to stabilize cortical activity (Turrigiano, 1999). Increases in 
spontaneous neuronal activity were found in the dorsal cochlear nucleus (Dehmel et al., 2012; 
Kaltenbach et al., 2002; Manzoor et al., 2013), the inferior colliculus (Manzoor et al., 2013; 
Mulders and Robertson, 2009; Hesse et al., 2016) and the auditory cortex (Ahlf et al., 2012; 
Norena and Eggermont, 2003) following cochlear trauma. Similarly, studies investigating 
stimulus-evoked activity have found an increase in neural responsiveness within subcortical 
pathways (Cai et al., 2008; Dehmel et al., 2012; Hickox and Liberman, 2014) and the auditory 
cortex (Chambers et al., 2016). These animal studies have all involved introduction of a 
cochlear lesion either through acoustic trauma or the administration of ototoxic drugs. Both of 
these interventions typically cause loss of cochlear hair cells (Dallos and Harris, 1978; 
Kaltenbach et al., 2002; Chen and Fechter, 2003) and degeneration of auditory nerve fibres 
(Webster and Webster, 1981; Kujawa and Liberman, 2009; Chambers et al., 2016). Therefore, 
it is difficult to disentangle whether the observed changes in neural activity in the auditory 
brain are provoked by sensory deprivation or sensorineural pathology. 
An alternative model to assess changes in central auditory processing is to investigate the 
effects of a conductive hearing impairment. Conductive impairments typically result in a 
reduction of sound energy reaching the cochlea, with the cochlea and the CAS remaining 
largely intact (Moore et al., 1989). As such, this model of sensory deprivation allows us to 
remove sensorineural damage as a confounding factor. A number of studies have used 
conductive hearing impairments to investigate neural gain changes. Decker and Howe (1981) 
assessed the ipsilateral acoustic reflex threshold (ART) following unilateral earplugging to 
investigate central gain changes in adult humans. Following 30 hours of plugging, a non-
significant reduction in ART of the deprived ear was recorded following unplugging. More 
recent studies have revisited the ART in adults after longer periods of auditory deprivation. A 
significant reduction in ART of the deprived ear has been recorded after 7 days of unilateral 
  
earplugging (Munro and Blount, 2009; Maslin et al., 2013; Munro et al., 2014). These studies 
are indirect evidence of a change in neuronal processing in the CAS, and the results are 
consistent with an increase in neuronal response gain in subcortical auditory pathways after 
sensory deprivation. 
Animal studies have shown that conductive hearing impairment induces reversible 
synaptic changes in auditory subcortical pathways. Whiting et al. (2009) used earplugging to 
induce a unilateral conductive hearing impairment in normal-hearing rats. They reported 
altered expression of glycine and glutamate receptor subunits within the ventral and dorsal 
cochlear nucleus after 24 hours of earplug use, an effect that was fully reversible following 
removal of the earplug. Furthermore, Tucci et al., (1999) found reduced uptake of 2-
Deoxyglucose in brainstem auditory nuclei in the auditory pathway of an ear with conductive 
hearing impairment, indicative of increased neural firing in the subcortical pathways of the 
impaired ear.  It would be expected that any change in subcortical pathways would influence 
stimulus-evoked activity in the auditory cortex; however, this was not evident on functional 
magnetic resonance imaging (fMRI) of adult humans following a period of unilateral 
earplugging, despite evidence of subcortical changes on acoustic reflex threshold (ART) 
testing (Maslin et al., 2013). 
Stimulus-evoked neural activity can be assessed directly in humans by measuring 
auditory evoked potentials. Decker and Howe (1981) used auditory brainstem responses 
(ABR) to measure subcortical activity on stimulation of a previously deprived ear after 30 
hours of earplugging, recording a non-significant trend for reduced latency of wave I. Unlike 
ART measures, this finding was not supported in a study of long-term unilateral deprivation 
(Ferguson et al., 1998). 
To date, no animal or human studies have reported a change in stimulus-evoked activity 
in the mature auditory cortex on stimulation of an ear with an intact cochlea that has been 
subjected to auditory deprivation. The aim of the present study was to investigate cortical 
auditory evoked potentials (CAEPs) in adults with late-onset, unilateral conductive hearing 
impairment on stimulation of the impaired ear. Chronic impairments were studied in order to 
ensure sufficient length of sensory deprivation. It was hypothesised that stimulation of the 
impaired ear would result in greater neural activity compared to normal-hearing controls, 








This was a case-control study with two groups of 15 participants. The aetiology of 
hearing impairment for the experimental group are summarised in Table 1. Pure tone 
audiogram thresholds are detailed in Table 2. The experimental group was matched with 
controls by age, sex and hearing in the intact ear. We were unable to use the normal hearing 
ear of the unilaterally impaired participants as a control, as the high level of masking required 
to mask the impaired 'non-test' ear would risk crossing to the normal hearing test ear and 
reduce validity of any findings. Ethics approval was obtained from Camberwell St Giles REC 
(reference: 14/LO/1223). 
 
Insert Table 1 here. 
Insert Table 2 here. 
 
2.2. Stimuli and Procedures 
 
A Bio-logic NavPro system was used to record the CAEPs. The stimulus used was a 1 
kHz tone (80 ms duration) with a repetition rate of 1.1/s. A 1 kHz stimulus was used as lower 
frequency tonal stimuli produce larger CAEP amplitudes than higher frequency stimuli 
(Jacobson et al., 1992). A 1 kHz CAEP is therefore likely to be maximally sensitive to 
neuroplasticity. A high pass filter of 1 Hz and a low pass filter of 15 Hz were used. The 
artefact rejection level was 20 μV. A total of 500 accepted sweeps was recorded from each 
participant. The stimulus was presented to the test ear mastoid via a bone conduction 
transducer, at a comfortable supra-threshold level of 20 dB above the bone conduction 
threshold determined by Pure Tone Audiogram (PTA). 
 A bone conduction transducer was used in order to prevent introduction of error by 
correcting for the conductive element of hearing impairment when providing a stimulus via 
air conduction. Masking was required to isolate the test ear and ensure there was no cross-
hearing of stimulus. The CAEP is generated at a level above where binaural interaction 
occurs. It is thought that contralateral broadband masking alters peak amplitudes but has no 
overall effect on peak to trough amplitudes and peak latencies of the CAEP (Salo et al., 
2003). Continuous pink noise masking was provided to the unaffected ear via a supra-aural 
headphone. Broadband masking is thought to be equally effective to narrow band noise 
(although perceived as louder), and was chosen in this case due to availability (Tate, 2013). 
The masking level was 30 dB above the stimulus level. This level was chosen as it was 
  
sufficient to provide effective masking of the non-test ear with a low risk of cross-masking 
(Munro and Agnew, 1999). 
Participants were seated in a reclining chair in a sound-attenuating booth. Participants 
were seated in a reclining chair in a sound-attenuating booth. The booth complied with British 
Standards (British Standards Institution, 2010) for maximum permitted ambient noise levels 
for audiometry and therefore the findings are not likely to have been influenced by ambient 
noise. No active responses were required from the participants but general alertness was 
maintained by watching a movie with subtitles and the sound disabled. Three gold-plated 
surface electrodes were used; the negative was placed on the mastoid of the test ear, the 
positive at Cz and a common electrode on the mastoid of the non-test ear. The measurement 
lasted approximately 10 minutes. 
Peaks and troughs were identified as the first three waves of the averaged trace where P1 
was the most positive peak occurring closest to 50 ms, N1 was the most negative occurring 
closest to 100 ms and P2 was the most positive peak closest to 180 ms. Latency was measured 
as the absolute latency at the peak of the wave. Peak-to-trough amplitude was measured as the 
difference in amplitude (μV) between peaks (P1-N1, N1-P2). Peaks were determined by an 
experienced clinical scientist who was blinded to test ear and group, and checked by an 
independent second tester. 
 
2.3. Statistical Analysis 
 
The main analysis involved a comparison of difference in grand average means between 
groups for absolute latencies and peak-to-trough amplitudes. The data were normally 
distributed so the analysis consisted primarily of independent samples t-tests. Because there 
were multiple pair comparisons (2 for amplitude and 3 for latency), the more conservative 
significance level of 0.01 was used. Residual noise was calculated with the ± reference 






Figure 1 shows the mean pure tone audiogram for hearing impaired participants and 
control group. Hearing impairment generally produced a flat conductive hearing loss from 
0.25 to 8 kHz. Table 1 shows 1 kHz audiometric data and median values for the hearing 
  
impaired and control group. Pure tone average (0.5 - 4 kHz mean) was <20 dB HL for the 
normal ear of hearing impaired participants and for both ears of control participants. Mean 
air-bone gap at 1 kHz for the hearing-impaired ears was 37 ±2.22 dB HL (range: 25-55 dB 
HL). Interestingly, there does appear to be a 'Carhart's notch' at 2 kHz for the hearing 
impaired group. 2 participants had been diagnosed with otosclerosis which may have 
contributed partly to this finding. Although a Carhart's notch is considered to be a 
characteristic finding in those with otosclerosis, it has been documented that other middle ear 
disorders  may also present with a 2 kHz notch on bone conduction testing, for example otitis 
media (Kumar et al., 2003). Therefore, it was anticipated that a 2 kHz notch in bone 
conduction threshold might appear for the hearing impaired group. 
 
Insert Figure 1 here. 
 
Mean bone conduction thresholds at 1 kHz for the hearing-impaired ears did not differ 
significantly from either bone conduction (p = 0.66, independent samples t-test) or air 
conduction (p = 0.48, independent samples t-test) thresholds of the control group at 1 kHz, 
demonstrating normal inner ear sensitivity of the hearing-impaired group despite the 
conductive loss. 
 
3.2 Waveform comparison 
 
Grand average waveforms for each group are displayed in Figure 2. No difference in 
peak values was found when comparing manual measurement to measurement using an 
automated peak detection algorithm. Figure 3 shows grand average of residual noise for each 
group. There was no significant difference between groups in RMS signal-to-noise across the 
waveform (p = 0.13). 
 
Insert Figure 2 here. 
 
3.3 CAEP amplitudes 
 
Figure 4 shows boxplots for the CAEP peak-to-trough amplitude data, obtained for responses 
to 1 kHz tones delivered via bone conduction at 20 dB SL. The mean peak-to-trough 
amplitudes of P1-N1 and N1-P2 were significantly greater in response to stimulation of the 
impaired ears than the control ears (see Table 3). 
  
 
Insert Figure 4 here. 
Insert Table 3 here. 
 
3.4. CAEP latencies 
 
Figure 5 shows boxplots for the absolute latencies of the CAEPs. Latencies of all three 
peaks were shorter for the impaired ears relative to the controls,  but the mean difference 
reached p < 0.05 only for P1 (p = 0.03, see Table 3). This finding cannot be considered 
significant in light of the conservative significance level of p <0.01 to account for multiple 
comparisons. 
 
Insert Figure 5 here. 




This study investigated the impact of chronic, unilateral conductive hearing impairment 
on the neural response amplitude of the auditory cortex. CAEPs recorded from bone 
stimulation of the deprived ear of adults with chronic, unilateral conductive hearing 
impairment were compared to those of a normal hearing control group provided with 
equivalent stimulation. The hearing-impaired group had significantly larger mean P1-N1-P2 
amplitudes than the control group. Shorter mean latencies of these waves were also observed. 
These findings support the hypothesis that unilateral auditory deprivation causes an increase 
in neural responsiveness of the CAS. 
The difference in CAEP amplitude between the two groups cannot be explained by 
differences in stimulus or masker levels. Stimulation was provided to all participants via a 
bone conduction transducer at 20 dB SL, together with contralateral masking at 30 dB above 
stimulus level. Peak-to-trough amplitudes for the control participants were comparable to 
unpublished normative data from our lab. Based on our normative data, we estimate that a 
difference in stimulus level of at least 20 dB for P1-N1, and at least 40 dB for N1-P2, would 
be required to cause CAEP amplitude differences of the same magnitude as we observed 
between study and control groups. As there was no significant difference in stimulus level 
between groups in our study, the larger amplitudes measured in the hearing-impaired group 
  
cannot be attributed a higher stimulus level.  There was a small, non-significant difference 
between groups in the 1 kHz air conduction threshold of the non-test ear. As the same 
masking paradigm was used for all participants, this finding cannot be attributed to cross-
masking (Munro and Agnew, 1999). 
The underlying reason for the change in neural response observed may be a neural 
adaptation mechanism known as ‘homeostatic plasticity’ (Turrigano, 1999). It is thought that 
homeostatic mechanisms regulate neuronal excitability and synaptic efficiency in order to 
stabilize cortical activity. This is achieved by scaling the strength of excitatory and inhibitory 
synapses, and by modifying intrinsic neuronal excitability, to keep the firing rates within a 
functional boundary. Thus, homeostatic plasticity acts as a compensatory gain regulation 
mechanism that might also be involved in adjustment to persistent changes in sensory input. 
This would have the effect of increasing amplitudes and reducing latencies of auditory evoked 
activity of the deprived ear, as seen in the present study. This may be the same type of 
mechanism proposed in animal studies to regulate experience-dependent gain control (also 
called stimulus-specific adaptation) in the auditory midbrain and thalamus on faster time 
scales (Dean et al., 2005; Malmierca et al., 2015). Interestingly, that mechanism has recently 
been found to be influenced by cortical activity over longer time scales, a phenomenon 
termed meta-adaptation (Robinson et al., 2016). 
An alternative explanation may lie in binaural interaction. Long-latency binaural 
interaction has been observed from 90 ms, covering the duration of the N1 and P2 
components of the CAEP. These interactions are all inhibitory in form (McPherson and Starr, 
1993). It is known that contralateral masking has an inhibitory effect, reducing the amplitude 
of CAEP components (Connelly, 1993). A reduction in binaural interaction would reduce the 
inhibitory effect of contralateral masking and result in increased amplitude of P1-N1 and N1-
P2, as seen in the present study. Other data have shown that binaural interaction, as measured 
by binaural unmasking, is reduced in cases of chronic unilateral hearing loss (Ferguson et al., 
1998). Measures of the auditory brainstem response showed prolonged latency of wave V, 
suggesting a midbrain origin for the effect. However, these data are inconsistent with the 
general trend for reduced peak latencies found here. It is therefore unlikely that the findings 
of the present study can be attributed solely to plasticity of sub-cortical binaural interaction. 
One limitation of the present study was the inability to obtain baseline data before the 
conductive hearing loss occurred. As a result, any correlation between the change in CAEP 
and other variables could not be determined. Longitudinal studies could identify a correlation 
between CAEP amplitude and length of deprivation period or age at onset, which would help 
  
our understanding of neural mechanisms for adaptation. This is one benefit of mimicking a 
conductive hearing loss with earplugging. However, it would not be possible to provide long-
term deprivation with this method, and a study involving earplugging for one week produced 
only minimal behavioural adaptation (McPartland et al., 1997). 
Another limitation of the study is that testing was limited to one frequency, one stimulus 
level and, in particular, one recording channel. This testing paradigm does not allow for 
analysis of the distribution of response across the cephalic surface and therefore limits 
interpretation of findings. Therefore, future studies may wish to go beyond replication to 
explore multi-channel recording with multiple stimuli. 
To date, no other human study has directly measured a change in neural activity of the 
mature auditory cortex on stimulation of an ear that has been deprived of sensory stimulation. 
There is, however, indirect evidence of adaptation at a subcortical level. A number of studies 
have found a reduction in ART following a period of unilateral earplugging (Decker and 
Howe, 1981; Munro and Blount, 2009; Maslin et al., 2013; Munro et al., 2014). This suggests 
that short-term, partial, auditory deprivation is sufficient to induce a change in the auditory 
pathways at a subcortical level, specifically a reduction in threshold of neuronal excitability. 
The present study supports this finding, evidencing a change in neural activity at a cortical 
level. 
This study is the first to demonstrate a change in cortical response amplitude in adults 
with unilateral conductive hearing impairment. There are a number of methodological 
differences between the present and previous studies which may have led to the contrast in 
findings. Firstly, it is known that cortical adaptations can occur over at least a 12-month 
period (Jones, 2000). As such, a significantly shorter period of deprivation of 7 days 
(McPartland et al., 1997; Maslin et al., 2013) may be insufficient to induce cortical 
adaptations. Secondly, Maslin et al. (2013) indirectly recorded neural activity by measuring 
changes in blood oxygen level with fMRI; a method which may not detect small, intrinsic 
neuronal changes (Hall and Wild, 2012). This method has the additional challenge of loud 
ambient noise from the scanner, which may have partly provided a masking effect, even with 
the use of sparse sampling test paradigms. Thirdly, the stimulus intensity used by Maslin et al. 
(2013) was at 90 dB SPL, significantly higher than the level used in the present study. The 
high intensity of stimulus may have saturated neuronal activity and obscured differences 
between groups. 
Animal studies have shown that a deprivation of input to the central auditory system 
through cochlear damage results in an increased spontaneous neural firing at all levels of the 
  
CAS (dorsal cochlear nucleus: Dehmel et al., 2012; Kaltenbach et al., 2002; Manzoor et al., 
2013; inferior colliculus: Manzoor et al., 2013; Jastreboff and Sasakia, 1986; auditory cortex - 
Ahlf et al., 2012; Norena and Eggermont, 2003). Furthermore, animal studies have 
demonstrated changes in stimulus-evoked neural responsiveness at a subcortical level 
following cochlear damage (Cai et al., 2008; Dehmel et al., 2012). It is thought that the 
mechanisms responsible for this change reside within the dorsal cochlear nucleus, and these 
changes are then relayed to the midbrain and the auditory cortex (Manzoor et al., 2013). 
Changes in subcortical activity may be recorded within the auditory cortex, possibly with 
amplification or some other modulation. These subsequent changes in cortical activity have 
been demonstrated in mice following near-complete cochlear denervation (Chambers et al., 
2016). Although similar subcortical changes have been observed in animals (Whiting et al., 
2009) and humans (Maslin et al., 2013) following late-onset conductive hearing impairment 
alone, no other study has robustly measured these changes in the mature, ipsilateral auditory 





The present study is the first to demonstrate significant changes in activity within the 
cortex of adult humans with unilateral conductive hearing impairment. The finding supports 
other observations of neural gain changes in the CAS occurring in response to changes in 
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Tables 
Table 1. Participant demographics, aetiologies and pure tone audiogram data. Data for the 
control group are in brackets. Control participants were matched for age and sex. The choice 
of 'test ear' for the control group was determined by the impaired ear of the experimental 
group. 
 1 kHz  threshold (dB HL) 
No. Sex Age 
(years) 








1 Female 65 [63] Mastoidectomy 6 Left 0 [-5] 35 [0] 
2 Female 21 [27] Perforation 2 Left 10 [5] 40 [0] 
3 Male 51 [48] Chronic supportive 
otitis media 
10 Left 10 [0] 60 [0] 
4 Male 26 [22] Unknown 10 Left 5 [0] 30 [0] 
5 Female 55 [52] Perforation 21 Left -5 [10] 35 [15] 
6 Male 60 [55] Ossicular chain 
discontinuity 
5 Left 10 [-5] 40 [0] 
7 Male 32 [27] Perforation 10 Left -10 [10] 30 [10] 
8 Female 21 [24] Perforation 10 Right 5 [5] 40 [-5] 
9 Female 57 [52] Mastoidectomy 7 Right 10 [10] 60 [10] 
10 Male 33 [24] Mastoidectomy 9 Right 5 [0] 60 [0] 
11 Male 49 [46] Ossicular chain 
discontinuity 
1 Right 5 [5] 40 [5] 
12 Female 54 [50] Perforation 20 Right 20 [5] 65 [5] 
13 Male 27 [24] Cholesteatoma 1 Right 5 [5] 35 [5] 
14 Male 48 [45] Eustachian tube 
dysfunction 
1 Right -5 [15] 35 [5] 
15 Female 28 [28] Otosclerosis 5 Left 10 [-5] 45 [0] 




Table 2. Participant pure tone audiogram thresholds (dB HL). Data for the control group are 
in brackets. 
 
 Air Conduction Bone Conduction  



























































































































































































































































































































































































































20 -5 5 10 5 -5 
  
Table 3. Statistical analysis of peak-to-trough amplitudes (μV) of P1-N1 and N1-P2 
components of the CAEP on stimulation of the impaired ear of adults with unilateral 
conductive hearing impairment when compared with a control group of adults with normal 
hearing, with mean ± 1 standard deviation displayed. 
 





3.6 ± 1.31 5.5 ± 1.88 
Control 1.9 ± 0.77 2.9 ± 1.54 
t (28) 4.32 4.24 




Table 4. Statistical analysis of absolute peak latencies (ms) of P1, N1 and P2 components of 
the CAEP on stimulation of the impaired ear of adults with unilateral conductive hearing 
impairment when compared with a control group of adults with normal hearing, with mean ± 
1 standard deviation displayed. 





56.4 ± 12.58 109.9 ± 9.99 178.0 ± 14.71 
Control 69.5 ± 17.66 120.6 ± 21.74 191.3 ± 32.26 
t (28) 2.36 1.70 1.45 





Figure 1. Mean pure tone audiogram for both groups. Air conduction thresholds for the 
hearing impaired group are represented by the dashed black line, with masked bone 
conduction thresholds represented by the solid black line. Air conduction thresholds for the 
normal hearing group are represented by the grey line. 
 
Figure 2. Grand average CAEP waveform for both groups (n=14). The solid line represents 
the hearing impaired group data and the dashed line represents the control group data. 1 
participant per group was omitted due to inability to retrieve data from the data collection site. 
 
Figure 3. Grand average of residual noise for both groups (n=14). The solid line represents 
the hearing impaired group data and the dashed line represents the control group data. 1 
participant per group was omitted due to inability to retrieve data from the data collection site. 
 
Figure 4. Peak-to-trough amplitudes (μV) of P1-N1 and N1-P2 components of the CAEP on 
stimulation of the impaired ear of adults with unilateral conductive hearing impairment 
(n=15; white boxes) and a control group of adults with normal hearing (n=15; shaded boxes). 
Outliers are represented by a circle. 
 
Figure 5. Absolute peak latencies (ms) of P1, N1 and P2 components of the CAEP on 
stimulation of the impaired ear of adults with unilateral conductive hearing impairment 
(n=15; white boxes) and a control group of adults with normal hearing (n=15; shaded boxes). 
Outliers are represented by a circle and extreme outliers are represented by a star.  
  
Figures 
Figure 1 
 
 
 
  
Figure 2 
  
Figure 3 
  
Figure 4 
 
  
Figure 5 
 
 
 
 
